.
For these techniques the analysis of PM filter samples requires a time-consuming digestion that may alter the elemental composition of the sample by contamination or losses. Current European Directives concerning air pollution (European Council-Directive, 1999; European CouncilDirective, 2004 ) have established reference methods for heavy metals, including graphite furnace atomic absorption spectroscopy (GF-AAS) and ICP-MS (European standard, 2005) . However, other methods may be used if they yield equivalent results.
Wavelength dispersive X-ray fluorescence (WD-XRF) is a promising technique for environmental analysis and it has been reported as an alternative technique to monitor PM composition (Talebi, 1998; Vázquez et al., 2005) . This technique allows the direct analysis of PM filters. In this work we confirm that WD-XRF is a suitable alternative to standardized methods for PM filter analysis.
Unnecessary digestion makes WD-XRF competitive to other techniques such as AAS and ICP.
Moreover, being non-destructive it allows measurements repetition and/or further sample investigations.
Several studies have been carried out identifying, characterising and quantifying sources of PM in
Europe (Alleman et al., 2010; Viana et al., 2008; Yin et al., 2005) . Concerning Piedmont, Italy, only few research studies on particulate matter have been reported (Casale et al., 2009; Migliaretti et al., 2007) .
In the last decades, attention has been focused on the finest particulate fractions (PM10 and, recently, PM2.5 and PM1), since they were recognized as the most harmful to human health owing to their higher probability of deposition deep in the respiratory tract. In earlier periods, Total Suspended Particulate (TSP) was investigated. TSP filters were used at the sampling stations within the city of Turin, Piedmont Region, up to 2000. Since 2001 the regional agency for environmental protection (ARPA Piemonte) has been gradually replacing gravimetric samplers for TSP with those for PM10 -PM2.5. ARPA Piemonte is therefore in possession of a series of TSP samples collected on glass fiber filters from 1976 to 2001.
In this study we determined the contents of 15 elements in TSP filters collected at two sampling sites in Turin, one localised in the centre and the other in the outskirts of the town, for the years 1996 and 2001 and 1976, 1986, 1996 and 2001 respectively. The goals of the investigation are to identify the main sources affecting this urban area, their seasonal pattern and the evolution of their impact on ambient air quality in the aforementioned periods. At this aim, we have calculated the crustal enrichment factors (EF) for the elements investigated and we have used principal component analysis (PCA) and cluster analysis (CA).
To our knowledge, a few studies report the concentrations of inorganic components in atmospheric particulate matter for a broad time span, therefore our study can be useful to gain insight into the temporal evolution of the composition of airborne particulate matter and its possible relationships with changes in anthropic activities.
Experimental

Site description
Turin is a large town characterised by a high density of residential and commercial premises and a very high volume of vehicular traffic; many industries, including power plants, chemical plants,
plastic and metallurgical factories are located on the outskirts.
TSP samples were collected in two different sites: one site, called TO1, is localised in the historical centre (Via Della Consolata); the other one, called TO2, is in the Northern suburbs (Piazza Rebaudengo), in an area subject to intense vehicular traffic (Figure 1 ). During the study period, in the Turin historical centre there were still coke or oil-fired heating systems although most of the city heating systems use natural gas.
Sample collection
A total of 72 glass fiber filters, 24 from TO1 (one per month for 1996 and 2001), and 48 from TO2 (one per month for 1976, 1986, 1996 and 2001) were analyzed. The filters have a total diameter of 47 mm and a nominal surface deposit diameter of 38 mm. We have considered the TSP samples that fall between the 5° and 95° percentile calculated on the TSP concentrations for each year.
Subsequently, for each month, those samples having the highest quantity of particulate were chosen for analysis.
Sample analysis
All filters had previously been analysed to determine the mass of particulate collected using a gravimetric technique (Lawless and Rodes, 1999) .
The filters were analysed for total element concentrations using a Rigaku ZSX wavelength dispersive X-ray fluorescence spectrometer (WD-XRF). The following crystals functioning as diffracting elements are present in this instrument: LiF, Ge, PET, TAP; so it is possible to determine Ba, Ca, Cl, Cr, Cu, Fe, K, Mg, Mn, Ni, Pb, S, Ti and Zn.
The filters were placed on the sample holder and directly analyzed. The filter blank was analysed by the same procedure to evaluate its contribution in the sample analysis: it was evidenced that Na, Sr, Al, Si and P were not quantifiable using XRF because of the too high filter blank contributions.
The metal contents present in the filters sampled in 1976 at TO2 site were also determined with a
Varian Liberty 100 ICP atomic emission spectrometer (ICP-AES). An acid digestion in a Milestone MLS-1200 Mega microwave oven was chosen as the dissolution procedure. The filters were cut into two equal parts, which were weighed and treated with 5 ml of aqua regia in polytetrafluoroethylene (PTFE) bombs. Four heating steps of 5 min (250, 400, 600, 250W
respectively) were applied. The resulting solutions were filtered and diluted to 30 ml with Milli-Q (Millipore) ultrapure water (18.2 MΩ cm). Nitric and hydrochloric acid were purified by subboiling distillation.
Three replicate measurements were made to determine the average concentration and standard deviation for each analysis. The calibrations were performed with standard solutions prepared in aliquots of sample blanks. Process blanks were incorporated into the dissolution and analytical procedure to assess metal contribution from the filters, bombs, Milli-Q water and purified acids used for the dissolution.
NIST SRM 1649a (urban dust) was used to verify that analyte concentrations were within 10% of the expected values before proceeding with sample analysis. the values of the slopes, which were always lower than 1. The most likely explanation for this discrepancy is the incomplete dissolution of these elements from filter samples in the digestion step.
Results and Discussion
Comparison of XRF and ICP-AES
The correlation coefficients r suggest that the amounts of Ba, Cr, Cu, Fe, K, Mn, Pb, Ti and Zn can be reliably determined by either analytical method, whereas the preferable method for determining the amounts of Ca and Mg will need validation through comparison with another analytical method.
In particular the intercept and the slope of the linear regression (at the 95 % confidence level) for Cr, Cu, Mn and Ti are close to 0 and 1, respectively, indicating that the two analytical methods give similar results for these analytes.
The sensitivity of the proposed WD-XRF technique allowed us to determine a number of elements in PM. Furthermore, the principal advantage of this method over ICP-AES is that it is reliable but non-destructive, so that the filters can be archived for further investigations.
The advantages of this procedure are hence evident: 1) simultaneous multi-elemental analysis; 2) the measurement is easy to perform and rapid; 3) samples are not destroyed by time-consuming digestion procedures, then protected filters can be stored; 4) any risk of diluting the sample below detection limits is avoided; 5) the procedure is reliable.
However, WD-XRF has some disadvantages in comparison with other techniques: 1) overlapping peaks may complicate the quantification of some elements, when their surface concentration is very low; 2) the matrix effect may be high, hindering the quantification of some elements; 3) different crystals are necessary to analyse a large number of elements; 4) detection limits are usually higher than those of ICP-AES or GF-AAS.
Chemical composition, temporal trends
The mean and median concentrations as well as the minimum and maximum values of the elements analysed are shown in Table 1 for all the years considered and both the sampling sites; the results have been reported also distinguishing the warm season (April -September) from the cold season (October -March). Figure 3 shows the temporal trends of element concentrations in TSP samples.
The overall mass of the analysed elements is, on average, 19 ± 2 % of the TSP mass concentration; the low standard deviation indicates that the total element to TSP ratio does not change either with time or from one site to the other. and during the winter (because of the high consumption of fossil fuels) (Day et al., 1997) ; the behaviour observed in our study is likely indicative of the higher contribution of this last source.
Comparing seasonal trends over time, it is evident that most of the elements in TO2 site are characterised by concentrations that clearly increase between the first two and the last two years, namely 1976 -1986 and 1996 -2001 , with the exception of Pb and Br, having an opposite trend, and S, which maintains similar concentrations in all years; in TO1 site, all elements have higher concentrations in 1996 than in 2001. The explanation for the behaviour of Pb and Br is reported above. The behaviour of S, instead, is difficult to explain; anthropogenic sulphur is usually generated from oil combustion, coal combustion, metal smelting or other human activities: it is possible that different anthropogenic sources have contributed to the atmospheric S concentration over the years and their combined effect results in a constant concentration over time. The increase of the concentrations of all the other elements for TO2 site can be attributed to a greater contribution from several sources: first of all, urban traffic followed by industrial and domestic fossil fuel combustion and steel and power plant emissions. On the whole it is reasonable to suppose that these elements were emitted into the atmosphere by sources changing over time or by the same sources changing their impact over time. The trend observed for Cu in site TO2 is similar to that of Pb, Br and S, but its decrease over time is less marked, likely because it is due to a lower impact by industrial sources rather than to a lower contribution by vehicular traffic. Moreover, Figure 4b shows that the EF of chromium and nickel is characterised by a contrasting trend when compared to other enriched elements, i.e. increasing over time; this probably indicates the presence of a new pollution source or the intensification of an existing one, likely related to industrial activity. The EFs of all the other elements remain similar over time.
Chemometric investigation and source identification
There are several source apportionment techniques (Viana et al., 2008; Watson et al., 2002) requiring different levels of knowledge about the sources acting on a site and their emission profiles. We have used two unsupervised methods: Principal Component Analysis (PCA) and Cluster Analysis (CA).
PCA is a well-established method for aerosol analysis after its first application to aerosol source apportionment (Thurston and Spengler, 1985) . Its strength is that it is based on the evolution of data collected in a specific site, and an a priori knowledge about sources is not required. In some cases it may be difficult to extract information from PCA, especially if sources with similar profiles are present, so extra information may be needed to achieve a full interpretation of the data (Prendes et al., 1999) . For this reason CA has also been performed. Cluster analysis is an effective statistical method for the qualitative study of atmospheric aerosol composition and can be used to confirm the groups of variables obtained with PCA (Contini et al., 2010; Dongarrà et al., 2007; Miranda et al., 1996) . Data elaboration has been performed with XlStat 2007.3 software package.
This chemometric study was carried out considering the analytical data for the two sites both separately and as a total data set (72 samples with 15 variables). All data sets considered were autoscaled separately. For concentrations below the detection limit, a random value between zero and that limit was inserted in order to thoroughly apply PCA and CA without losing any data. 
Conclusions
Based on the results from this study, several elements including Ba, Cr, Cu, Fe, K, Mn, Pb, Ti and Zn can be quantified on TSP samples with low analysis times using WD-XRF. Routine acquisition of element concentrations in TSP or PM10 samples in many cases would allow the immediate detection of environmental warning situations.
Relatively to the city of Turin, a series of atmospheric particulate matter samples collected over a large number of years is available; this has allowed us to evaluate the temporal trend of the single pollutants in atmospheric PM from this area that likely reflects the changes in the pollutant emissions present in other strongly anthropised areas in the broad time span considered and their possible relationships with changes in typical anthropic activities.
A clear seasonal pattern for element concentrations was noted, with higher levels of all the elements in the cold season. This behaviour is common to that of atmospheric particulate matter in other sites in Northern Italy and it is mainly due to the thermal inversion that occurs in these regions during the The chemometric elaboration of experimental data allowed us to further confirm the seasonal pattern mentioned. Indeed the TSP samples are separated in all PCA plots depending on warm or cold sampling periods rather than on sampling year or site. Moreover, the possible dominant sources influencing the content of the elements studied were hypothesized by PCA and HCA. 
